It has been proposed that the degree of recombination for a genomic region will affect the level of both nucleotide heterozygosity and the density of transposable elements. Both features of genomic diversity have been examined in a number of recent reports for regions undergoing relatively normal levels of recombination in Drosophila rnelanogaster. In this study the genomic variation associated with yellowachaete-scute loci located at the tip of the X chromosome is examined by six-cutter restriction mapping. In this region, as usual for regions adjacent to telomeres, crossing-over is dramatically reduced, and published studies of visible mutants indicate extremely little restriction-map variation. Eight six-cutter restriction endonucleases were used to locate sequence variation in 14-and 16.5kb regions in 109 lines sampled from North America, Africa, and Europe. The overall level of heterozygosity is estimated as 0.29%. Nine large insertions, all presumed to be transposable elements, were observed. Base-pair heterozygosity appears to be reduced compared with regions having normal levels of recombination.
Introduction
Theoretical studies predict that DNA sequence variation will reflect much about selection operating on the genome in natural populations.
Studies using four-and sixcutter restriction-endonuclease mapping in Drosophila melanogaster report three prevalent classes of variation (Leigh-Brown 1983; Aquadro et al. 1986 Kreitman and Aguade 1986; Langley and Aquadro 1987; Langley et al. 1988; Miyashita and Langley 1988; Schaeffer et al. 1988) . These include the gain and loss of restriction sites, presumably the consequence of single base substitutions; small insertion-deletion variation averaging several hundred base pairs (smaller insertion-deletion variation is probably not detected using six-cutter endonucleases);
and large insertions of several kilobases, presumably transposable elements. Each of these classes of variation appears to possess a typical frequency profile, where single base substitutions reach intermediate frequencies, small insertion-deletion events are less polymorphic, and large insertions are always recovered as low frequency events, indicative of deleterious selection 1. Key populations.
words: restriction-map variation, Drosophila melanogaster, yellow-achaete-scute region, natural 2. Present address: Department of Genetics, Washington University School of Medicine, St. Louis, Missouri 63 110. (Golding et al. 1986 ) . These studies have so far concentrated on regions possessing normal levels of recombination, although, in theory, crossing-over can affect the population frequencies of each class of variation. Studies that contrast patterns of variability for regions under reduced recombination are needed. For molecular variation conforming to a Fisher-Wright infinite-sites neutral model, expected numbers of segregating sites are not affected by recombination (Watterson 1975; Hudson 1983) . Recombination affects the variance in the number of segregating sites. In contrast, the presence of a selected locus can alter the level of neutral polymorphism at sites within a region sufficiently linked to that locus. This is because a region undergoing regular allele substitution, or even one that is subject to random selection, experiences a reduced effective population size (see Maynard Smith and Haigh 1974; Birky and Walsh 1988) through increased identity by descent. Similarly, neutral polymorphism may be elevated if it is associated with a site under balancing selection, such as a self-incompatibility locus or balanced-inversion polymorphism (Strobeck 1980 (Strobeck , 1983 Kaplan et al. 1988) . In each case the consequences of hitchhiking on heterozygosity will be more pervasive the lower the rate of recombination per kilobase of DNA in the associated linked region. Comparison of heterozygosity across regions of the genome that markedly differ in the level of recombination can provide insight into the amount and nature of selection.
A common feature appearing in restriction-variation studies of the D. melanogaster genome is the presence of large insertions, shown in two cases to be transposable elements (Leigh-Brown 1983; Aquadro et al. 1986) . A large fraction of classical mutation in D. melanogaster is transposon induced (Finnegan and Fawcett 1986 ) , and the low frequency of individual insertion events in natural populations is consistent with the assertion that most are deleterious (Golding et al. 1986 ). It has also been proposed that exchange events, perhaps originating as asymmetric recombination (Goldberg et al. 1983; Davis et al. 1987) , or dysgenesis-derived breaking and joining leads to the regular selective elimination of many elements (Montgomery et al. 1987; Eanes et al. 1988) . Under this exchange hypothesis genomic regions with suppressed recombination will accumulate elements. In the present study we examine both the level of restriction-site heterozygosity and the incidence of large insertions in the yellow-achaete-scute ( y-ac-sc) region in D. melanogaster. This region is found at the euchromatic tip of the X chromosome (bands 1B l-2 to 1 B4-5), where recombination is dramatically reduced, possibly by an order of magnitude or greater (Dubinin et al. 1937) . The yellow locus region and adjacent achaete-scute gene complex have been the recent focus of molecular cloning, and the restriction-site analysis of numerous visible mutations has suggested that very few restriction-site polymorphisms are present in the region (Carramolino et al. 1982; Biessmann 1985; Campuzano et al. 1985; Chia et al. 1986 ). These reports and the recognition that recombination is strongly suppressed in this region motivated us to undertake a systematic evaluation of molecular variation in this region in natural populations.
Material and Methods
The X chromosomes examined were recovered from 109 isofemale lines established from wild collections. Thirty-six lines were from Davis Peach Farm, Mt. Sinai, N.Y. (collected in 1985 ) , 22 lines were from Watsonville, Calif. ( 1985 ) , 14 lines were from Menetreol, France ( 1986)) 12 lines were from Tubingen, West Germany ( 1986)) and 25 lines were from the Okavango Delta, Botswana ( 1985) . Individual iso-X chro-mosome lines were established by crossing a single male from each line with virgin FM6 / N264-84 females and extracting the X chromosomes to homozygosity. DNA was prepared from each line by the method of McGinnis et al. ( 1983) and was cut with the restriction enzymes SalI, BamHI, PstI, AvaI, BglII, S&I, XhoI, and EcoRI. Digested samples were electrophoresed in 0.8% agarose gels, and the separated fragments were transferred to Gene Screen PlusTM nylon filters. Probe DNAs were either nick-translated or labeled by random primer extension (Feinberg and Vogelstein 1983) . Hybridizations were carried out overnight at 42"C, and the filters were washed as recommended in the manufacturer's protocol. Phage clones of the specified regions were obtained from Dr. Juan Modolell, and the restriction maps for six enzymes have been described by Campuzano et al. ( 1985 ) .
It was necessary to determine the maps for AvaI and SstI. The total y-ac-sc region spans 115 kb of DNA. Eleven transcripts in this region have been identified by Campuzano et al. ( 1985) and Villares and Cabrera ( 1987) , and some of these transcripts correspond with mapped mutations at the yellow, achaete, and scute loci (see Ghysen and Dambly-Chaudiere 1988) . The present study focused on two regions at opposite ends of the complex. The 14-kb region spanned by hscll2 produces three transcripts including both the yellow transcript and a second transcript, T5, associated with achaete mutations (Campuzano et al. 1985) . The second phage clone hsc53 spans 16.5 kb of DNA at the other end of the region and contains a transcript associated with the yscute mutations. Individual large insertions were not cloned from the lines, but the insertion sites were determined to the extent possible given overlapping fragments in the map.
Results
The distributions of varied and unvaried restriction sites, as well as the position of observed insertions, are summarized in figure 1 and its legend. Figure 1 also shows the boundaries of transcripts localized to these regions as described by Campuzano et al. ( 1985) ) Chia et al. ( 1986) , and Villares and Cabrera ( 1987) . In table 1 each of the 109 lines is characterized for the six restriction-site polymorphisms represented by more than a single variant line. Overall, in 109 chromosomes, nine of 63 restriction sites are variable, and six sites (e, f, and n-q) segregate at intermediate frequencies in natural populations.
To estimate heterozygosities for different genetic regions, geographic collections, and studies, we have used three measures. To estimate the per-nucleotide heterozygosity, we use the estimators H and n; of Engels ( 198 1) and Nei and Tajima ( 198 1 ),
respectively. In addition we use the observed number of segregating sites in our sample to estimate the population parameter 8 (Watterson 1975) . This assumes a FisherWright model in which observed nucleotide variation is selectively neutral and in mutation-drift equilibrium.
Under this model 0 = 4 Nu (Kimura 1969)) where N is the effective population number and lo is the neutral mutation rate per nucleotide. The expected heterozygosity per base is then 8/ ( 1 +e) and is approximately equal to 8 when 8 4 1. Hudson ( 1982) provides an efficient estimator of 8 and its stochastic variance under the assumptions of free recombination and no recombination. Since Hudson's estimate of the variance of 8 includes the stochastic variance, and since our comparisons between genetic regions involve the stochastic variance (the regions will have different stochastic histories), we have used 8 (again using the larger variance and assuming no recombination)
to conservatively test differences in heterozygosity. For the North American samples, we estimate H and n; to be 0.00 18 and 0.0022, ( 0)) and PstI (P) . The scale in kilobases is adopted from Campuzano et al. ( 1985 ) , and the rectangles below the scale refer to proposed transcripts localized by Campuzano et al. ( 1985) and Villares and Cabrera ( 1987) . The labeled bars below the kilobase scale refer to the limits of the hl12 and 53 probes. The variable sites are as follows: (a) 2.3-kb insertion, (b) 1.2-kb insertion, (c) EcoRI site at +67.9, (d) 6.8-kb insertion, (e) PstI site at +65.7, (f) AvaI site at +65.0, (g) 6.8-kb insertion, (h) 3.8-kb insertion, (i) lokb insertion, (j) 2.5-kb insertion, (k) 0.3-kb insertion, (1) BgZII site at +60.1, (m) Sal1 stie at +59.9, (n) Sal1 site at -18.5, (0) Results are given for each collection and geographic area, as is the total (pooled) value. We estimate 8 to be 0.0029 for the y-ac-sc region.
On the basis of restriction-site variation, there are 24 haplotypes. European lines only show four haplotypes, and the haplotype diversity, h, as estimated by Nei and Tajima ( 198 1) at 0.22 1, is relatively low. Both North American collections (Long Island and California) share most major haplotypes and levels of diversity (h = 0.77 1 and 0.623, respectively).
This similarity is also seen between the European samples and is consistent with the observation for the Adh locus (Kreitman and Aguade 1986 ) and white locus ) suggesting high intracontinental gene flow. Finally, the haplotype diversity is much higher in African lines (h = 0.9 18). This observation supports the proposition that Africa is the evolutionary origin of Drosophila melanogaster (David and Capy 1987 The European samples possessed too little variation to be considered. In each sample only those polymorphisms that segregate at frequencies sufficient to provide statistical power to detect significant linkage disequilibrium are studied. The results are presented ----. . . . in table 3. The values are given as linkage disequilibrium, D, above the diagonal, and, since the maximum value that D can acquire depends on the site frequencies, we also present the correlations between sites as y2 values (Hill and Robertson 1968) below the diagonal. Many disequilibrium values are statistically significantly different from zero, and significant estimates are still observed for the more physically distant comparisons between regions, such as the AvaI/BgZII site comparison which spans -83 kb.
Large insertions ranging from 1.2 to 10 kb were observed in each region. In the ~112 region five insertions are clustered in the space separating the yellow ( T6 ) and the putative ac transcripts (T5; Campuzano et al. 1985) , and two insertions are mapped to the large intron within the yellow locus. The first site is also the site of both an insertion of the "gypsy" element reported by Campuzano et al. ( 1985 ) for the sc3B mutation and a "Sancho" element insertion associated with the Hw ' mutation. In the (Nei and Tajima 1981) .
are adjusted for the fact that AvaI is effectively a total of 109 lines only two insertions were observed in the ~53 region. We speculate that these large insertions are transposable elements, as proposed by Aquadro et al. (1986) .
Discussion
The suppression of recombination could affect the structure and diversity of the genome in several ways. If natural populations experience episodes of selection-driven allele substitution, then genomic regions linked to substitutions should exhibit reduced heterozygosity.
The consequence of recurrent selection is the reduction of effective population size for the linked region, and the average size of the affected region will depend on the speed of substitution and level of recombination with DNA in the flanking regions. All other factors being equal, sequences in regions of reduced recom- bination should show reduced heterozygosity simply because of the increased likelihood of hitchhiking during a substitution event (Maynard Smith and Haigh 1974) . No explicit quantitative test of this hypothesis-i.e., that heterozygosity is reduced in regions of decreased recombinationis possible because nothing is known about the rate of favorable allele substitutions in natural populations. Nevertheless, the effect of natural selection on the genome may be addressed by comparing levels of heterozygosity between regions that differ in levels of recombination.
Earlier studies of selected y-ac-sc mutations reported only the variable BgZII "0" site in lines from more than 30 visible mutations including Oregon-R and Canton-S (Campuzano et al. 1985) . In samples from natural populations we see considerably more restriction-site variation associated with this region. In a report by Campuzano et al. ( 1985 ) the number of independent lines available to estimate heterozygosity can only be determined from a detailed knowledge of their lab pedigrees, but if we assume a minimum of two (Canton-S and Oregon-R) and maximum of 30 lines (if all the mutants are independent), then we estimate H for the 115-kb region to be between 0.0005 and 0.00003, the larger being still less than one-fifth of our estimate, above, from natural populations.
There are two recent reports addressing levels of variation in the y-ac-sc region. Aguade et al. (accepted) use seven six-cutter enzymes to examine variation across 106 kb of the region in 64 lines from North Carolina, Texas, and Japan. They estimate H as 0.0003 and 8 as 0.0011. They conclude that there is a significant reduction of heterozygosity in the y-ac-sc region. A study by Beech and Leigh-Brown ( 1989) uses four six-cutter enzymes to study variation across 120 kb of the region in 49 lines from North Carolina and Spain. Their estimate of H = 0.0024 is very similar to ours. All three studies report relatively lower densities of large insertions, presumably transposable elements, compared with other regions. Given the heterogeneity in region size, different enzymes used, sample size variation, and the geographic diversity of the chromosomes in each study, significant variance is expected. Given the variance associated with 8, these estimates do not appear significantly different from each other. Our sampling includes east African lines, which inflate our estimates considerably. Since Africa represents the origin of the species that has become cosmopolitan in relatively recent history, it might be expected to be more variable than temperate populations.
The overall heterozygosity appears reduced for the y-ac-sc region, but rigorous comparison with other regions is confounded by the heterogeneous nature of the published data and by the recognition that such tests are statistically weak because of the large stochastic variance associated with 8. Table 4 lists published estimates of 8 that are based con four-and six-cutter restriction variation for the Adh ( Aquadro et al. 1986), Notch (Schaeffer et al. 1988) , white locus (Langley and Aquadro 1987; Miyashita and Langley 1988) ) Amy ) 87hsp heat-shock locus (Leigh-Brown 1983) , rosy ) G6pd (Eanes et al. 1989) , and y-ac-SC regions (Beech and Leigh-Brown 1989; Aguade et al., accepted; present study) . Our study represents a collection of chromosomes from three continents, and the total polymorphism includes a component resulting from geographic differentiation in site ' polymorphism. For instance, there are nine polymorphic sites identified worldwide, but the North American and European lines carried five and three polymorphic sites, respectively. The weighted average within-continent 8 is 0.002 1, compared with 0.0029 for the pooled sample. A similar large difference in average heterozygosity can be seen between North America and Japan and the white region (Miyashita and Langley 1988), and again between Europe, North America, and Africa at the G6pd region (Eanes et al. 1989) . Three of the published estimates in table 4 are strongly weighted by a single continent or locality. The estimates for the X-linked white (Langley and Aquadro 1987; Miyashita and Langley 1988) ) Notch (Schaeffer et al. 1988 ) , and G6pd (Eanes et al. 1989) regions and for the autosomally linked Amy ) are the exceptions. These studies show a wide range of variation in heterozygosities. When one considers the large variance in 0 and the wide range of estimates, observed both among continents and among studies, for the y-ac-sc region, any rigorous statistical comparison would appear difficult to achieve. Given the prevalence of disequilibria observed for other regions, the presence of large amounts in this region of greatly reduced recombination is not surprising. It appears that the overall level of disequilibrium is higher in the North American chromosomes. This might be expected if the African populations are historically larger. The density of transposable elements is also potentially influenced by the suppression of recombination. Because of the reduced recombination associated with this region, element loss by asymmetric exchange events may be suppressed and element copy number could increase, depending on the importance of this mechanism. This is a difficult feature to compare across studies and to test statistically. The incidences of large insertions in the scll2 and ~53 regions are 0.0039 and 0.0009 elements/ kilobase /chromosome, respectively. However, when this is compared with the values of0.0112 for&% (Aquadro et al. 1986 ), 0.0078 forAmy , 0.0031 and 0.0059 for white (Langley and Aquadro 1987; Miyashita and Langley 1988) , and 0.0004 for rosy ), it appears that the incidence of large insertions is not elevated in the y-ac-sc region, as also suggested by Beech and Leigh-Brown ( 1989) and Aguade et al. (accepted) .
However, insertion densities should be sensitive to a number of features. The observed clustering of insertions seen in both the present study and other studies may simply reflect elements squeezing into selectively benign sites, and the overall element densities may reflect the distribution of such sites and densities of transcripts in each region. In most of the regions examined, the distribution of genes is only partially known. Nevertheless, the absence of elevated levels of large insertions in this region argues against the mechanism of asymmetric exchange as an important factor in element elimination for most transposons. Further examination of the hypothesis of lowered heterozygosity and increased large insertion (transposon) associated with decreased recombination must await studies of other genomic regions characterized by reduced recombination. This could include examination at sites such as the euchromatic-heterochromatic transition zone of low recombination at the base of the X chromosome, the autosomal telomeric regions, and also the fourth chromosome in Drosophila melanogaster, which shows greatly reduced crossing-over.
Given the large stochastic variance associated with estimating 8, establishing patterns of significance for this hypothesis, as well as for other regional contrasts, such as the autosomal/X chromosome comparison, will require a number of such studies.
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